Arteries can buckle axially under applied critical buckling pressure due to a mechanical instability. Buckling can cause arterial tortuosity leading to flow irregularities and stroke.
Introduction
Recent studies have demonstrated that long cylindrical arteries may lose mechanical stability and buckle into curved or tortuous shapes (Han, 2008; Rachev, 2009) . Arterial buckling depends on the applied pressure, axial stretch, residual stress, wall geometry, and wall mechanical properties. Arterial buckling can cause tortuosity, increased resistance to flow, kinking, and even occlusion. Severely kinked and tortuous arteries are associated with aging, atherosclerosis, diabetes, hypertension and genetic diseases (Han, 2012) . Genetic mutations in elastic fiber proteins are associated with tortuosity of the large conducting arteries in humans (Urban and Davis, 2014) and mice (Yanagisawa et al., 2002; Wagenseil et al., 2009) .
Genetically-modified mice with elastic fiber defects present an opportunity to determine how combined changes in wall mechanical properties, geometry, residual stress, and in vivo axial stretch affect critical buckling pressure and the development of tortuosity in models of human disease. Decreased amounts of elastic fibers in elastin haploinsufficient mice (Elnþ/À ) or disrupted elastic fibers in fibulin-5 null mice (Fbln5À /À ) cause high blood pressure, increased arterial stiffness, and decreased in vivo arterial axial stretch ratios (Yanagisawa et al., 2002; Faury et al., 2003; Wagenseil et al., 2005; Wan et al., 2010 ), but it is not known how these factors affect critical buckling pressure.
Using Fung (Chuong and Fung, 1986) or four-fiber (Holzapfel et al., 2000; Gleason et al., 2008) strain energy functions to describe arterial mechanical behavior, theoretical models have been developed to investigate buckling in porcine arteries after collagenase treatment (Martinez and Han, 2012) , after elastase treatment (Lee et al., 2012) , and as a function of material parameters and residual strain . Theoretical models have not been used to predict results in mouse arteries with defects in elastic fiber proteins that model human disease. Hence, the objectives of this study are to 1) determine the effects of reduced amounts of functional elastic fibers on the experimental critical buckling pressure in genetically-modified mouse arteries and 2) compare the experimental values to theoretical buckling pressures calculated from Fung and fourfiber strain energy functions fitted to biaxial experimental data.
2.
Materials and methods
Animals
Male mice haploinsufficient for the elastin gene (Elnþ/À) and their wild-type littermates (Elnþ/þ) (Li et al., 1998) , and mice lacking the fibulin-5 gene (Fbln5À/À ) and their wild-type littermates (Fbln5þ/þ) (Budatha et al., 2011) were used between 2 and 3 months old. Littermates were used as controls because Eln and Fbln5 mice are in different genetic backgrounds (C57Bl6 and mixed, respectively). All protocols were approved by the Institutional Animal Care and Use Committee. Mice were sacrificed by CO 2 inhalation, then the right and left carotid arteries were removed, placed in physiological saline solution (PSS), stored at 4 1C, and used for mechanical tests within three days (Amin et al., 2011) . Mechanical tests were performed with each carotid mounted in a pressure myograph system (Danish Myotechnology) in PSS at 37 1C (Wagenseil et al., 2005) . Separate arteries were used for experimental determination of critical buckling pressure and biaxial mechanical behavior. The in vivo stretch ratio ðλ iv z Þ of each carotid artery used for biaxial mechanical behavior was measured by taking images of the artery before and after dissection with a digital camera connected to a dissection microscope.
Experimental measurement of critical buckling pressure
The carotid artery was set at axial stretch ratios (λ z ) from 1.0 to 1.4, then inflated under lumen pressure in increments of 5 mmHg until it buckled or until a maximum pressure of 200 mmHg was reached. Images were taken at each increment near buckling for offline determination of experimental critical buckling pressure ðP exp cr Þ. The pressurized images were layered on top of the unloaded image and the outer edges and the midline of the artery were outlined using custom scripts in Matlab. P exp cr was defined as the pressure at which the maximum lateral displacement of the midline of the pressurized artery was greater than the radius of the unloaded artery (Fig. 1 ).
Experimental measurement of biaxial mechanical behavior
Biaxial mechanical tests were performed as previously described (Amin et al., 2012) . The carotid artery was mounted in the myograph at the unloaded length and stretched axially to λ iv z . The artery was preconditioned for three cycles in the circumferential (0-175 mmHg) and axial directions (λ iv z to 1.2-1.4 Â λ iv z , with a maximum force around 8 mN). The artery was then inflated three times from 0 to 175 mmHg at constant axial stretches and stretched axially three times at constant pressures (50, 100, and 150 mmHg). The axial stretch range with respect to the unloaded length varied for each artery, but was typically between λ z ¼1.2-1.7. The circumferential inflation cycles were performed automatically with the myograph software (steps of 25 mmHg, 12 s/step), while the axial stretch cycles were performed by manual rotation of the micrometer attached to one end of the carotid artery ($ 10 μm/s). Pressure, outer diameter, and axial force were recorded at 1 Hz for all cycles. The axial stretch ratio at each time point was calculated assuming a constant stretch rate. Custom scripts in Matlab software were used to isolate the third loading cycle of each protocol for further analyses. Unloaded dimensions were determined from images of cut arterial rings (200-300 μm thick) taken with a digital camera connected to a dissection microscope. The loaded inner diameter was calculated by incompressibility (Faury et al., 1999) .
Fitting material parameters for the strain energy functions
Assuming an incompressible, axisymmetric, thick-walled cylinder with no shear, the inflation and extension of the carotid artery can be described by the stretch ratios in each direction [circumferential (θ), axial (z), and radial (r)],
where r¼ deformed radius, R¼ undeformed radius in the stress-free state, θ 0 ¼1/2 the central angle of the arc formed in the stress-free state (Chuong and Fung, 1986) , l¼ deformed length, and L ¼ undeformed length. The stress-free state was not explicitly measured in this study. The unloaded state was measured and related to the stress-free state according to Matsumoto and Hayashi (1996) using published opening angles (Φ ¼ πÀ θ 0 ) of 601 for Elnþ/ À and Elnþ/þ (Wagenseil et al., 2005) , 1501 for Fbln5À /À and 901 for Fbln5þ/þ (Wan et al., 2010) carotid arteries. The strain energy functions (W) used to model the biaxial mechanical behavior of the carotid arteries are the Fung exponential model (W F ) (Chuong and Fung, 1986) and fourfiber model (W 4 ) (Holzapfel et al., 2000; Gleason et al., 2008) given by,
and
where E is the Greens strain in each direction
for each kth fiber family where the subscripts represent fiber families oriented in the θ (α 1 ¼901), z (α 2 ¼01), or two identical families in the d (diagonal) (α 3 ¼ Àα 4 ¼ α 0 ) direction and b 0 -b 32 are material parameters. Accordingly, based on equilibrium, the lumen pressure (P) and axial force (N) of the artery are,
where r i and r e are the deformed inner and outer radius, respectively. The integral term in Eq. (6) is equal to the . Elnþ/þ artery mounted in the myograph at an axial stretch (λ z ) of 1.0 at 0 mmHg and inflated to 35 and 60 mmHg. The outer edges (solid lines) and centerlines (dotted lines) of the unloaded (black lines) and inflated (gray lines) arteries were defined and overlaid using Matlab. P exp cr was defined as the pressure at which the centerline of the loaded artery had a maximum displacement greater than the radius of the unloaded artery. This can be seen when the gray dotted line moves to the right of the right hand black solid line. Scale bar¼ 100 lm.
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Material parameters for the strain energy functions were estimated by minimizing the error between the experimental and theoretical pressures and reduced axial forces,
Fitting error was calculated by dividing the error function by the total number of data points (2n) (Wan et al., 2010) . Six random starting values were used to ensure a global minimum was determined. The starting values were determined by a random number generator between 0 and 1 and then scaled for the expected order of magnitude of the parameter [ Â 1000 Pa for b 0 (Fung), b 11 , b 21 , and b 31 (four-fiber) and Â 901 for α (four-fiber)].
Theoretical analysis of critical buckling pressures
The theoretical critical buckling pressure (P theor cr ) can be determined by force and moment equilibrium of the buckled artery as derived previously using the Fung (Lee et al., 2012) and four-fiber strain energy functions ,
of each artery used in biaxial testing was determined using Eq. (8) with the artery dimensions (diameter and wall thickness) and the fitted material constants as inputs. The average length from the arteries used in the experimental buckling group was used (l e ¼ 3.05/2 mm). The axial stretch range was prescribed from λ z ¼1.0 to 1.4, and λ θ was determined iteratively as the value providing the minimum Table 1 -Unloaded outer diameters (OD) and inner diameters (ID) measured from cut rings of the carotid arteries after mechanical testing. In vivo axial stretch ratios ðλ iv z Þ measured from images before and after dissection of the artery are also shown. Significant P values are shown in italics. 
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Statistics
One way ANOVA followed by a Tukey post-hoc test was used to compare results between groups using SPSS software. Data are presented as mean7sem.
Results

Unloaded dimensions and in vivo stretch ratios
The unloaded dimensions and λ iv z are shown in Table 1 . Similar to previous data (Wagenseil et al., 2005) , Elnþ/À carotid arteries have smaller unloaded outer diameters and reduced λ iv z compared to Elnþ/þ. Also consistent with previous data (Wan et al., 2010) , Fbln5À /À carotid arteries have similar unloaded outer diameters compared to Fbln5þ/þ, but have reduced λ iv z . The absolute values of λ iv z are consistent with previous values measured from images of mouse carotid arteries before and after dissection (Wagenseil et al., 2005) , but are lower than values obtained by assuming that at λ iv z , the axial force is constant with increasing pressure during in vitro tests (i.e. (Wan et al., 2010; Dye et al., 2007; Eberth et al., 2009) ).
Experimental buckling pressure
There are no significant differences in P exp cr between the two wildtype groups. At all axial stretch ratios P exp cr is 10-20% lower in Elnþ/À arteries than Elnþ/þ (Fig. 2a) . Nine out of 10 Fbln5À /À arteries did not buckle at 200 mmHg at an axial stretch ratio of 1.4. To demonstrate the increased P exp cr at high stretch in Fig. 2b , we assumed a linear increase in P exp cr between axial stretches of 1.2-1.4 for each Fbln5À/À artery. The actual P exp cr values may be higher. At lower axial stretch ratios P exp cr is similar in Fbln5À /À and Fbln5þ/þ arteries, but at higher axial stretch ratios P exp cr is 15-25% higher in Fbln5À /À arteries than Fbln5þ/þ (Fig. 2b ). We fit a linear relationship between P exp cr and axial stretch ratio (R 2 ¼.98À .99) to estimate in vivo P exp cr using the average in vivo axial stretch ratios ðλ iv z Þ in Table 1 . The estimated in vivo P exp cr (mmHg) is 157 for Elnþ/þ, 88 for Elnþ/À , 165 for Fbln5þ/þ and 121 for Fbln5À /À arteries. P exp cr is above systolic blood pressure for Elnþ/þ and Fbln5þ/þ mice, but below systolic pressure for Elnþ/À and Fbln5À /À mice (Yanagisawa et al., 2002; Faury et al., 2003; Wagenseil et al., 2005) , so it is likely that Elnþ/À and Fbln5À/À arteries buckle in vivo.
Experimental mechanical behavior and fitted material parameters
Average outer diameter-pressure relationships at λ iv z and axial stretch-reduced force relationships at 100 mmHg are shown in Fig. 3 . Similar to previous results (Faury et al., 2003; Wagenseil et al., 2005; Wan et al., 2010) , Elnþ/À and Fbln5À /À carotid arteries have smaller outer diameters at high pressures compared to their wild-type controls, indicating increased circumferential stiffness of the arterial wall. Fbln5À/À arteries have increased axial force at all overlapping axial stretch ratios compared to Fbln5þ/þ arteries, consistent with previous results showing that axial force in Fbln5À /À carotid arteries becomes nonlinear at lower axial stretch ratios than Fbln5þ/þ (Wan et al., 2010) . In contrast, Elnþ/À arteries have similar or slightly lower axial forces compared to Elnþ/þ at most axial stretch ratios, consistent with previous data for axial stretch-stress relationships (Wagenseil et al., 2005) .
Material parameters in the Fung and four-fiber strain energy functions were fit for each artery using the unloaded dimensions (Table 1) and mechanical test data. Example fits for each group are shown in Fig. 4 (Fung) and Fig. 5 (four-fiber) . For the Fung strain energy function (Table 2) , there are no significant differences between parameters for the Elnþ/À and Elnþ/þ groups or the Elnþ/þ and Fbln5þ/þ groups. There are significant differences between 5/7 parameters for the Fbln5À /À and Fbln5þ/þ groups. Carotid arteries from mice with reduced elastin amounts (Elnþ/À ) have decreased buckling pressures compared to wild-type (Elnþ/þ) (a). Carotid arteries from mice was disrupted elastic fibers due to lack of fibulin-5 expression (Fbln5À/À ) have similar buckling pressures at low axial stretch (λ z ), but increased buckling pressures at high λ z compared to wild-type (Fbln5þ/þ) (b).
n ¼9/10 Fbln5À /À arteries did not buckle at λ z ¼ 1.4 at the maximum applied pressure of 200 mmHg. To show the high P exp cr for Fbln5À /À arteries that did not buckle, we assumed P exp cr increased linearly between axial stretches of 1.2-1.4. P exp cr may be even higher. $ ¼p o.05 between genotypes, N¼ 10/group. Values are mean7sem.
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The b 0 constant is five times lower and the exponential constants (b 1 -b 3 , b 5 , b 6 ) are 4-90 times higher, showing more nonlinear stressstrain behavior in Fbln5À/À compared to Fbln5þ/þ arteries. The constants for wild-type mouse carotid arteries are similar to those obtained previously with the Fung strain energy function (Gleason et al., 2008) .
For the four-fiber strain energy function (Table 3) , there are no significant differences between parameters for the Elnþ/À and Elnþ/þ groups or the Elnþ/þ and Fbln5þ/þ groups. There are significant differences between 4/8 parameters for the Fbln5À /À and Fbln5þ/þ groups. The b 12 , b 22 , and b 32 constants are 2-22 times higher in Fbln5À/ À arteries compared to Fbln5þ/þ, indicating increased nonlinearity of all four fiber families. The angle, α 0 , is about 101 larger in Fbln5À/À arteries than Fbln5þ/þ, predicting a more circumferential orientation of the diagonal fibers. Previous results showed increased nonlinearity for the axial and diagonal fiber families in Fbln5À/À carotid arteries, but not for the circumferential fibers and no difference in the angle of the diagonal fibers (Wan et al., 2010) . For both genotypes, the fitted values for b 0 are lower than Wan et al. (2010) , but the values for b 11 , b 21 , and b 31 are higher, demonstrating a trade-off between isotropic and anisotropic stress contributions in the model, which may be related to the loading protocols used for fitting.
There is no significant difference in the average fit error between strain energy functions (.0337.003 for Fung and .0317.003 for four-fiber). This is in contrast to previous data that showed the four-fiber family model to have about 20% less error in fitting than the Fung model for mouse carotid arteries (Gleason et al., 2008) . The parameter values and fitting error are sensitive to the loading range for the experimental data. The applied pressure was higher and the axial stretch range was lower in this study than in Gleason et al. (2008) , which may alter the fitting error for different strain energy functions. In addition, the choice of error function can determine whether the strain energy function fits better at high or low stretch ratios (Ferruzzi et al., 2013) and different error functions were used in this study compared to Gleason et al. (2008) .
3.4.
Theoretical buckling pressure
The material parameters (Tables 2 or 3 ) and unloaded dimensions (Table 1) for each artery were used to calculate the theoretical buckling pressure (P theor cr Þ (Fig. 6 ). For the wild-type groups, P theor cr is within 8-43% of P exp cr for both strain energy functions, with underpredictions at low axial stretch, overpredictions at high axial stretch, and the best match between predicted and experimental values at λ z ¼ 1.3 (8-12% difference). For Elnþ/À arteries, P theor cr is within 17-54% of P exp cr for both strain energy functions across the axial stretch range, but is always lower than P exp cr . For Fbln5À/À arteries, P theor cr is within 0.1-603% of P exp cr for the Fung strain energy function and 6-135% for the four-fiber strain energy function. The P theor cr values from the Fung strain energy function have a more nonlinear dependence on axial stretch than those calculated with the four-fiber strain energy function, resulting in overprediction of the critical buckling pressure at high stretch for most groups.
The differences between groups for the predicted buckling pressure (Fig. 6) are consistent with the experimental data (Fig. 2) . For Fbln5À /À arteries, both strain energy functions predict a large increase in P theor cr with axial stretch and significantly higher values compared to Fbln5þ/þ at λ z ¼1.3 and 1.4. This is supported by experimental observations that 9/10 Fbln5À/À arteries did not buckle at the maximum applied pressure of 200 mmHg for λ z ¼ 1.4. Additional buckling experiments at higher applied pressures are necessary to better compare P theor cr and P exp cr at high axial stretch for Fbln5À /À arteries. 
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, and Fbln5À/À (g,h) carotid arteries were fit with a Fung strain energy function by minimizing the differences between the experimental and theoretical pressures and reduced axial forces (Eq. (7)) to determine the material constants shown in Table 2 .
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Fig. 5 -Example fits for the four-fiber strain energy function. Mechanical test data from Elnþ/þ (a,b), Elnþ/À (c,d), Fbln5þ/þ (e,f), and Fbln5À/À (g,h) carotid arteries were fit with a four-fiber strain energy function by minimizing the differences between the experimental and theoretical pressures and reduced axial forces (Eq. (7)) to determine the material constants shown in Table 3 . Effects of genetic defects in elastic fibers on biaxial mechanical behavior and experimental critical buckling pressure Elnþ/À mice have about 60% of the normal elastin amounts, smaller, thinner arteries, and increased blood pressure (Faury et al., 2003) . Fbln5À/À mice have disordered elastic fibers, tortuous arteries, and high blood pressure (Nakamura et al., 2002; Yanagisawa et al., 2002) . Previous studies show that Elnþ/À and Fbln5À /À arteries have increased circumferential arterial stiffness and reduced in vivo axial stretch ratios compared to their wild-type controls (Wagenseil et al., 2005; Wan et al., 2010) . The current study confirms past characterization of the circumferential mechanical behavior and shows that Fbln5À /À arteries have more significant 
stiffening than Elnþ/À arteries, compared to their respective controls (Fig. 3a) . The current study also adds new information about the axial mechanical behavior for arteries with altered elastic fibers, showing that Fbln5À /À arteries have significant stiffening in the axial direction compared to Fbln5þ/þ, while Elnþ/À arteries are slightly less stiff than Elnþ/þ in the axial direction (Fig. 3b) . These data show that reductions in elastin amounts and defects in elastic fiber assembly may not necessarily cause similar changes in mechanical behavior, especially in the axial direction. Elnþ/À arteries display a consistent decrease in buckling pressure at all axial stretch values, while Fbln5À /À arteries display an increase in buckling pressure at high axial stretch values, compared to their respective controls. Although in different genetic backgrounds, the two wild-type control groups have similar buckling behavior (Fig. 2) . These results show that while some simple measurements (i.e. circumferential stiffness and in vivo axial stretch ratio) may be comparable in Elnþ/À and Fbln5À /À arteries, buckling behavior is very different. The increased axial stiffness of Fbln5À/ À arteries is most likely responsible for their increased buckling pressure, while the decrease in axial stiffness of Elnþ/À arteries accounts for their decreased buckling pressure. However, the critical buckling pressure depends on the three-dimensional mechanical properties, mechanical loading, and geometry of the arteries (Han, 2008) , and a complete characterization of these properties is necessary to better understand the contribution of genetic modifications in elastic fibers to arterial buckling.
Our data suggest that Elnþ/À and Fbln5À/À arteries are buckled in vivo at systolic pressures. Note that our experiments were done under static pressure in a fluid bath, which is different from the in vivo state of the artery with pulsatile pressure and surrounding tissue support. Hence, our experimental results cannot be directly translated into quantitative in vivo buckling predictions. However, the qualitative trends remain true and if the arteries are buckled in vivo, this can lead to remodeling and arterial tortuosity. While arterial tortuosity has not been described in Elnþ/À mice, Elnþ/À carotid arteries form looped or curved shapes upon excision, suggesting residual torsion (Wagenseil et al., 2005) . Carotid artery tortuosity has been observed in vivo for newborn mice with no elastin expression (Eln À /À ) (Wagenseil et al., 2009) . Arterial tortuosity in the descending thoracic aorta has been observed in vivo in Fbln5À/À mice (Nakamura et al., 2002) . Additional in vitro experiments and modeling of different regions of the arterial tree may help predict which sections are prone to buckling and the development of tortuosity. 
4.2.
Comparison of theoretical and experimental critical buckling results
For most arteries and both strain energy functions, the theoretical buckling pressures are lower than the experimental values at low axial stretch and higher than the experimental values at high axial stretch (Fig. 6) . One explanation for the difference at low axial stretch is that we chose a relatively stringent criterion for P exp cr (Fig. 1) to ensure that the artery was buckled. Future experimental studies with less stringent buckling criteria may show better agreement between P exp cr and P theor cr at low axial stretch. At high axial stretch, P theor cr showed the biggest differences from P exp cr in groups with high axial stiffness (i.e. P theor cr at λ z ¼1.4 for Fbln5À/À arteries were greater than both wild-types, which were greater than Elnþ/À ). This implies that the theoretical buckling pressures are overly influenced by the axial stiffness compared to the experimental buckling pressures. This could be due to differences between the experimental and theoretical mechanical behavior at high axial stretch or limiting assumptions in the theoretical analysis of buckling pressure.
We examined the material parameters of each group to better understand the buckling pressure predictions, especially the large P theor cr for Fbln5À/À arteries at high axial stretch. For the Fung strain energy function, the constants b 2 , b 4 , and b 5 indicate the contribution of the Greens strain in the axial direction. These parameters are 2-12 times higher in the Fbln5À/À group compared to the other groups. However, the axial parameters do not completely determine the buckling pressure, because b 2 , b 4 , and b 5 for Elnþ/À arteries in the Fung strain energy function are not reduced compared to Elnþ/þ, despite lower predicted buckling pressures. For the four-fiber strain energy function, the diagonal and axial fibers are important for determining the response to axial stretch. For the diagonal fibers, b 31 and b 32 are about two times greater in Fbln5À/À arteries than other groups. For the axial fibers, b 21 is comparable to other groups, but b 22 is 3-12 times greater in Fbln5À/À arteries than other groups. As for the Fung strain energy function, axial parameters do not completely determine the critical buckling pressure, because Elnþ/À arteries show reductions in b 31 and b 21 compared to Elnþ/þ, but comparable b 32 values and increases in b 22 , despite lower predicted buckling pressures. Our observations are consistent with previous analyses and confirm that axial mechanical behavior of the artery is important, but not alone, in determining the critical buckling pressure.
We used two strain energy functions that have been shown to describe the mechanical behavior of mouse carotid arteries (Gleason et al., 2008) . We found similar fitting errors for both strain energy functions and similar differences between P theor cr and P exp cr for most points. However, P theor cr for the Fung strain energy function has a more nonlinear dependence on axial stretch than the four-fiber strain energy function, leading to significant overpredictions at λ z ¼1.4, especially in Fbln5À/À arteries with high axial stiffness. Overall, the predictions with the four-fiber strain energy function best match the experimental relationship between buckling pressure and axial stretch.
The theoretical buckling pressures in this study were calculated based on steady-state equilibrium of a buckled artery (Lee et al., 2012; Liu et al., 2014) . Goriely and Vandiver (2010) develop a theoretical analysis of buckling instability in growing arteries. They find that the axial stretch-critical buckling pressure relationship depends on the values of differential axial growth and residual axial stretch. For similar residual stretch values, higher growth values are associated with increasing nonlinearity of the axial stretchcritical buckling pressure relationship The high critical buckling pressure in Fbln5À/À arteries at large axial stretch suggests that axial growth parameters may be higher in Fbln5À /À arteries than all other groups. Rachev (2009) develops a theoretical analysis of buckling stability in arteries subject to periodic pressure, which is a better representation of the in vivo state than a static pressure load. Buckling under periodic pressure occurs as a parametric resonance that depends on a combination of load parameters, including mean arterial pressure, pressure amplitude, pressure frequency, axial stretch, and axial length. However, experimental results have shown that the effect of periodic pressure is small at normal heart rates (Liu and Han, 2012) . Even though our theoretical calculations under static pressure cannot be directly translated into in vivo predictions of arterial buckling under more complicated loading conditions, the static theoretical model can be used for comparison to our static experimental results and the model helps us to better understand the contributions of elastic fibers to arterial buckling behavior, and provide guidance for further in vivo studies.
Clinical relevance
Arterial buckling is an instantaneous lateral deflection caused by increasing the internal pressure past the critical point for stable equilibrium (Han, 2008) or by a parametric resonance that occurs during a critical combination of load parameters for unstable equilibrium (Rachev, 2009) . In both steady and pulsatile pressure analyses, high mean pressure is the major destabilizing factor and buckling is reversible if the mean pressure is subsequently decreased. However, sustained buckling and the loss of mechanical stability, could lead to the development of tortuous arteries in vivo. The mechanical factors that lead to buckling are risk factors for arterial tortuosity, including high blood pressure, weakened wall mechanical properties, and decreased axial stretch (Han, 2012) . Surgically reducing axial stretch in animal models causes arterial buckling (Zhang et al., 2014) and leads to arterial tortuosity (Jackson et al., 2005) . Similar buckling occurs in veins, as well (Badel et al., 2013; Martinez et al., 2010) . Alterations in elastic fibers are associated with genetic diseases characterized by tortuous arteries including arterial tortuosity syndrome (Wessels et al., 2004) , cutis laxa (Urban and Davis, 2014) , Loeys-Dietz syndrome (Nakajima et al., 2014) , and Williams syndrome (Winter et al., 1996) . Cutis laxa is associated with mutations in fibulin-5 that lead to profound defects in elastic fiber formation (Urban and Davis, 2014) , similar to Fbln5À /À mice. Williams syndrome is caused by deletions within chromosome seven which includes the elastin gene and leads to elastin heterozygosity (Ewart et al., 1993) , similar to Elnþ/À mice. Mouse models of elastic fiber diseases allow us to further investigate the relationship between genetic defects in elastic fibers and arterial buckling and test theoretical models that may predict the development of tortuosity in vivo.
Limitations
We chose two commonly used strain energy functions to evaluate in this study, but other strain energy functions could be investigated, (i.e. (Zulliger et al., 2004) ). Our best-fit parameter values may be influenced by the range of starting values, the loading protocols for the experimental data, and our choice of error function (Eq. (7)). Our average theoretical and experimental buckling pressures were compared from different sets of arteries. Our experimental applied pressures were limited to 200 mmHg and not all arteries buckled at this value. Our theoretical calculations assume a steady-state pressure load.
Conclusions
We measured arterial buckling pressure in arteries from genetically-modified mice with elastic fiber defects. Reduced elastin in Elnþ/À arteries reduces buckling pressure, while disrupted elastic fibers in Fbln5À /À arteries increases buckling pressure at high axial stretches, compared to their respective controls. Theoretical buckling pressure calculated with a fourfiber strain energy function fit to biaxial mechanical test data better matched the dependence of experimental buckling pressure on axial stretch than values calculated with a Fung strain energy function. The experimental and theoretical results can help us better understand the contribution of genetic defects in elastic fibers to arterial mechanics, arterial buckling and the development of arterial tortuosity.
